Rats treated with the AMPA receptor-facilitating drug 1-(quinoxolin-6-ylcarbonyl)piperidine (BDP-12) during training acquired fear conditioning to a tone faster than vehicle-treated controls. The effect on acquisition was dependent on the dose given. BDP-12-treated rats and vehicle-treated controls reached the same level of conditioned fear and extinguished at the same rate. The dissociation of learning rate from these other normally covariant measures suggests that the drug had a specific and isolated effect on acquisition. Controls for drug effects on stimulus sensitivity, locomotor activity, generalized fearfulness, and other performance factors support this interpretation. The known action of BDP-12 on receptor dynamics suggests that its effect on acquisition may be attributed to specific modulation of an AMPA and NMDA receptor-dependent plasticity mechanism. The finding that the drug accelerates acquisition but does not affect the level of conditioned fear acquired parallels the effect of the drug on long-term potentiation (LTP) (increasing the rate but not the ceiling of potentiation) and suggests that common mechanisms may underlie fear conditioning and LTP.
The amygdala and its afferent and efferent connections constitute essential components of the neural circuit through which an innocuous auditory conditioned stimulus (C S) comes to elicit fear reactions after it is temporally paired with an aversive unconditioned stimulus (US) (Davis, 1992; Rogan and LeDoux, 1996) . Anatomical (LeDoux and Farb, 1991; Farb et al., 1992 Farb et al., , 1995 and physiological (Li et al., 1995 (Li et al., , 1996 Maren and Fanselow, 1995) studies have implicated the excitatory amino acid L-glutamate and its AM PA and NMDA receptors in the f unctioning of this circuit. Importantly, NMDA receptor blockade in the amygdala disrupts fear conditioning (Miserendino et al., 1990; K im et al., 1991; C ampeau et al., 1992; Fanselow et al., 1994; Maren and Fanselow, 1995; ; however, interpretations regarding the role of NMDA receptors in fear conditioning have been complicated by the fact that NMDA receptors also play an important role in routine (nonplastic) synaptic transmission in the afferent pathways that transmit C S inputs to the amygdala (Li et al., 1995 (Li et al., , 1996 Maren and Fanselow, 1995; Rogan and LeDoux, 1995b) .
The present experiment attempts to examine plasticity mechanisms in the fear conditioning circuit by facilitating rather than blocking glutamatergic transmission. We used 1-(quinoxolin-6-ylcarbonyl)piperidine (BDP-12), one of a family of closely related compounds known as ampakines (Stäubli, 1995) . These drugs increase the mean open time of AM PA receptors (Arai et al., 1994 (Arai et al., , 1996 , allowing a given level of presynaptic stimulation and glutamate release to produce a greater current flow through postsynaptic AM PA receptors. Because NMDA receptor activation is dependent on the degree of AMPA receptor-mediated depolarization of the postsynaptic cell (Collingridge et al., 1983) , facilitation of AMPA-mediated synaptic responses effectively lowers the threshold level of presynaptic input required to activate NMDA receptors. One consequence of this is that the amount of afferent stimulation required to induce maximal levels of long-term potentiation (LTP), a form of NMDA and AMPA receptor-dependent synaptic plasticity (Bliss and Collingridge, 1993; Malenka and Nicoll, 1993) , is reduced both in vitro and in vivo in the hippocampus (Arai and Lynch, 1992; Stäubli et al., 1994b) . Because the synaptic changes occurring during LTP induction have been widely hypothesized to be similar to those occurring during memory formation (Lynch, 1986; Brown et al., 1988; Teyler, 1992; Bliss and Collingridge, 1993; Barnes et al., 1995; Stäubli, 1995) , the facilitating effects of ampakines on LTP have stimulated researchers to ask whether these drugs enhance the acquisition and storage of memories. Ampakines have now been shown to enhance retention in several tasks, including the radial arm maze (Granger et al., 1993; Stäubli et al., 1994a Stäubli et al., ,b, 1996 , water maze (Stäubli et al., 1994a) , and olfactory delayed match to sample (Stäubli et al., 1994b (Stäubli et al., , 1996 . Ampakines have also been found to render normally subthreshold stimulus parameters capable of supporting learning in odor discrimination (Stäubli et al., 1994a; Larson et al., 1995) and eyeblink conditioning (Shors et al., 1995) tasks.
The present study was designed to test whether facilitation of AMPA receptor transmission (and the consequent synergistic enhancement of NMDA receptor function) might enhance fear conditioning. The study was premised on four interrelated observations: (1) the involvement of NMDA receptors in hippocampal synaptic plasticity; (2) the putative role of NDMA receptors in fear conditioning (see above); (3) the presence of LTP-like mechanisms in the fear conditioning pathways (Chapman et al., 1990; Clugnet and LeDoux, 1990) , and (4) the ability of LTP induction to modulate amygdala responses to auditory stimuli in the fear conditioning pathways (Rogan and LeDoux, 1995a) .
MATERIALS AND METHODS Animals
Male Sprague Dawley rats (300 -325 gm) were given free access to rat chow and water and maintained on a 12 hr light /dark cycle. One week elapsed between delivery of the rats to the animal facility and the start of the experiment.
E xperimental design
BDP-12 (Cortex Pharmaceuticals) was dissolved in vehicle solution [30% 2-hydroxypropyl-␤-cyclodextrin (cyclodextrin 30%); Research Biochemicals, Natick, M A] and administered via interperitoneal injection. Doses were varied by adjusting the concentration of the drug solution: the ratio of injected volume to body weight (1.25 ml / kg) was held constant in all drug and vehicle conditions.
The effect of BDP-12 on acquisition of fear conditioning was tested by the administration of BDP-12 (50 mg / kg; n ϭ 19) or vehicle (cyclodextrin 30%; n ϭ 25) 30 min before each training day (days 1 and 2). On all subsequent days, all animals received injections of vehicle 30 min before testing.
To test the dose dependence of this effect, the experiment was repeated with the following additional doses of BDP-12: 4.00 mg / kg (n ϭ 6), 6.25 mg / kg (n ϭ 5), 8.00 mg / kg (n ϭ 6), 10.00 mg / kg (n ϭ 6), and 12.50 mg / kg (n ϭ 5).
To distinguish between drug effects on acquisition and expression, and to test for the presence of a drug-induced performance effect, the experiment was repeated with a new drug group (n ϭ 12) receiving BDP-12 (50 mg / kg) on day 1 only, and vehicle on days 2 and 3. Controls received vehicle on all days.
To test whether a drug-induced increase of C S sensitivity might contribute to observed effects on learning, we compared the effect of the drug on C S-elicited behaviors in the course of conditioning with the effect of increased C S intensity on the same behaviors. Specifically, we observed the effect of the drug on responding to the C S before training and performed a separate experiment with two groups of vehicle-treated animals: one group (C S standard, n ϭ 7) was trained with the C S used in all other experiments described here; the other group (C S ϫ 2, n ϭ 7) was trained with a C S that was 6 dB more intense than the standard C S. This intensity was chosen for both theoretical (an increase of 6 dB quadruples the power and doubles the intensity of an acoustic stimulus) and practical (the animals had a dramatically different reaction to the more intense stimulus, as described below) reasons.
Behavioral procedures
Fear conditioning. Fear conditioning took place in a rodent conditioning chamber (model E10 -10; Coulbourn Instruments, Lehigh Valley, PA) enclosed by a sound-attenuating cubicle (model E10 -20, Coulbourn Instruments). Stimulus presentation was controlled by a microprocessor and a digital I /O board.
To habituate the animals to extraneous experimental procedures, they were handled, weighed, and injected with vehicle (1.25 ml / kg cyclodextrin 30%) once daily for the 5 d before training. On the day before training, rats were exposed to the conditioning room and chamber. They were then randomly assigned to drug or vehicle groups. The rats were then trained with two pairings a day for 2 d of an acoustic tone C S (10 kHz, 20 sec, 75 dB) and a footshock US (0.3 mA, 0.5 sec). The US occurred during the last 0.5 sec of the C S, and the interval between the two C Ss on a day varied between 60 and 120 sec. This US intensity was chosen because it is known to yield reliable conditioned responding to the tone in normal animals, but at moderate levels that leave ample room for the measurement of drug-induced increases in conditioned responding through the course of training (Phillips and LeDoux, 1992) .
Thirty minutes before training, the drug groups received an intraperitoneal injection of BDP-12, and the vehicle groups received the equivalent volume of vehicle. On all subsequent days, all rats were weighed and received injections of vehicle 30 min before two trials in which the tone was delivered with the same schedule as on the 2 training days, but without the US. Freezing, a species-specific response to threat, was used as an index of conditioned fear (Blanchard and Blanchard, 1969a,b; Bouton and Bolles, 1980; Fanselow, 1980; LeDoux et al., 1984 LeDoux et al., , 1990 .
Freezing is defined as the assumption of the characteristic crouching posture, and the cessation of all but respiration-related motion. Conditioning to the tone was assessed by measuring the time spent freezing during the 20 sec tone. Only data obtained in the first trial of each day were analyzed [measurements of behavior during the first trial reflect the learning that occurred as a result of the previous day's experience; measurements of behavior in the second trial of the day are potentially confounded by persistent responses to the stimuli presented in first trial, especially the US (Phillips and LeDoux, 1992) ]. E xtinction of the conditioned response was quantified as the number of days from the start of training until the second of 2 consecutive days during which freezing to the first tone fell below 5 sec. Observations were conducted blind to drug condition. Open field activit y. Naive rats were handled, weighed, and injected with vehicle (cyclodextrin 30%) intraperitoneally once daily for the 5 d before testing and then were randomly assigned to drug (n ϭ 8) or vehicle (n ϭ 8) groups. Thirty minutes before testing, each rat received an intraperitoneal injection of either drug or vehicle. During testing each rat was permitted to range freely for 10 min in a novel, evenly illuminated 120 cm ϫ 120 cm white Plexiglas chamber with 40-cm-high walls. The floor of the chamber was divided by black lines into 20 cm squares. The rat's behavior during the test period was recorded by the observer on a paper map of the chamber, so that the number and locations of line crossings and rearings could be extracted later. Rearing was scored when both front paws left the floor and grooming did not occur. Defecation in open field was also measured. The chamber was thoroughly washed and dried before each test. Observations were conducted blind to drug condition.
RESULTS

BDP-12 accelerates acquisition
The effects of BDP-12 on fear conditioning were assessed by administration of BDP-12 30 min before training on both training days and administration of vehicle before testing on all subsequent days. A control group received an injection of vehicle before training and testing on all days.
The vehicle group (n ϭ 25) displayed normal acquisition of conditioning to the tone, freezing ϳ7 sec (mean 7.36 Ϯ 2.78 sec) after 1 d of training, and 12 sec (mean 11.72 Ϯ 4.37 sec) after the second (final) day of training (Fig. 1 ). This is in accord with data from previous experiments using these training parameters with normal rats (Phillips and LeDoux, 1992: reprinted as part of Fig.  7 ). In contrast, drug-treated animals required half as much training to reach the same level as controls, freezing 13 sec (mean 13.11 Ϯ 3.11 sec) after 1 d of training, and maintaining this level after the second day of training (mean 11.63 Ϯ 1.13 sec).
A two-factor ANOVA was performed, with drug treatment as a between-subjects factor and days as within-subject factor. A significant effect of drug treatment was observed [F (1,42) ϭ 9.07; p Ͻ 0.05], as well as a significant drug ϫ day interaction [F (2,84) ϭ 14.04; p Ͻ 0.001], reflecting the accelerated rate of learning in the drug-treated animals. Post hoc analysis performed on this data revealed a significant effect of drug on day 2 alone (Duncan, p Ͻ 0.05). Measurements obtained on day 2 reflect learning acquired during the training delivered on day 1. The slight decrease in freezing exhibited by drug-treated animals on day 3 was not statistically significant, compared with day 2 (Duncan, p Ͼ 0.05)
BDP-12 does not affect conditioned response ceiling (asymptotic level)
The first test after completion of training occurred on day 3. Controls are at asymptote for these training parameters on this day (Fig. 1) . There was no difference in the level of freezing to the tone exhibited by drug-and vehicle-treated rats on this day (vehicle: mean 11.72 Ϯ 4.37 sec; drug: mean 11.63 Ϯ 1.13 sec; Duncan, p Ͼ 0.05). Moreover, the level of freezing in drugtreated animals on day 2 was not different from the level of controls on day 3 (Duncan, p Ͼ 0.05).
BDP-12 does not affect extinction of the conditioned response
To determine the effect of the drug treatment during acquisition on subsequent extinction, two groups of rats were tested until extinction of the conditioned response. There was no difference in rate of extinction of the conditioned response to the tone between the vehicle group (n ϭ 7; mean 7.29 Ϯ 0.78 d to extinction) and the drug group (n ϭ 7; mean 6.29 Ϯ 0.57 d to extinction) (t test; p Ͼ 0.3) (Fig. 2 ). E xtinction rate provides a sensitive index of the amount of conditioning that has resulted from training (Mackintosh, 1975) , and the absence of a drug effect on extinction supports the interpretation that both groups were conditioned to the same degree at completion of training.
Drug effect on acquisition is dose dependent
The experiment was repeated with five additional doses of BDP-12 to determine how acquisition is modulated by drug dose. The overall pattern of conditioned response expression during acquisition was the same as in the first experiment: there was no drug effect on the amount of freezing after completion of training, but there was a dose-dependent increase in the level of conditioned responding expressed after 1 d of training (Fig. 3) . With progressively higher doses, conditioned responding at the midpoint of the training schedule (day 2) came progressively closer to the level of conditioned response expressed at the completion of training in vehicle-treated animals.
A two-factor ANOVA was performed, with drug treatment as a between-subjects factor and days as within-subject factor. A significant effect of drug was not observed; however, there was a significant drug ϫ day interaction [F (12,130) ϭ 4.09; p Ͻ 0.001), reflecting the effect of drug on acquisition. Post hoc analysis performed on this data revealed a significant effect of drug versus vehicle on day 2 alone for doses of 10, 12.5, and 50 mg/kg (Duncan, all p Ͻ 0.05). A dose of 12.5 mg/kg had the same effect as the larger dose tested (50 mg/kg) (Duncan, p Ͼ 0.05).
Accelerative effect of BDP-12 on acquisition is the same in the presence or absence of the drug during testing
In the experiments described thus far, the drug was administered on both training days, and the drug effect on acquisition was measured in the presence of the drug during the CS presentation on the second day of training. It is therefore possible that the measured effect was in some way caused by the presence of the drug during testing on day 2 rather than by the effect of the drug on learning mechanisms during the previous day's training. To determine this, an additional experiment was performed in which the only change in procedure was that the drug group (n ϭ 11) received BDP-12 on only the first day of training; vehicle was given on the second day of training and on test days.
The results of this study were indistinguishable from the first study using this dose (50 mg/kg), in which drug was administered on both days 1 and 2 (Fig. 4) . Drug-treated animals froze to the tone 13 sec after the first day of training (mean 13.18 Ϯ 4.12 sec) and maintained this level of conditioned response after the second day of training (mean 11.91 Ϯ 1.34 sec). A two-factor ANOVA was performed, with drug treatment as a betweensubjects factor and days as within-subject factor. A significant effect of drug treatment was not observed; however, there was a significant drug ϫ day interaction [F (4,104) ϭ 8.72; p Ͻ 0.001). Post hoc testing revealed a significant effect of both drug groups versus the vehicle group on day 2 only (Duncan, p Ͻ 0.05) and no significant difference between the two drug groups on any day. Measurement of enhanced freezing (accelerated acquisition) after 1 d of training with the drug was the same when tested in the presence or absence of the drug, indicating that the enhanced Figure 1 . Acceleration of tone conditioning in BDP-12-treated rats. Vehicle-and drug-treated (50 mg / kg) rats were trained on a task that consisted of two pairings a day of an auditory C S coterminating with a footshock US for 2 consecutive d (day 1, day 2). On day 3, the C S was presented with the same schedule as on the 2 training days but without the US. Freezing was scored during the presentation of the first C S each day. Drug-treated rats acquired fear conditioning at an accelerated rate compared with vehicle-treated rats, but they expressed the same level of conditioned responding at the completion of training (day 3) as vehicletreated rats. Figure 2 . Accelerated acquisition is not accompanied by a difference in extinction rate. A subset of the animals from the data set shown in Figure  1 were tested until extinction of the conditioned response. There was no effect of drug on the rate of extinction, strongly suggesting that the identical level of freezing expressed by both the drug and vehicle groups at completion of training (day 3) truly reflects an equal level of conditioned fear in both groups.
freezing measured on day 2 is ascribable entirely to a drug effect on acquisition during training on day 1, rather than to a drug-induced performance or state-dependent effect occurring on day 2.
Accelerative effect of BDP-12 on acquisition is not ascribable to a drug effect on CS sensitivity
Because both AM PA and NMDA receptors are involved in routine transmission in some components of the fear conditioning circuit, it is necessary to control for the possibility that a drug effect on routine sensory processing of the C S could have contributed to the observed increase in acquisition rate. Because inhibitory as well as excitatory neural activity can be affected by BDP-12, the effect of the drug on sensory transmission in a particular circuit is hard to predict. Previous studies, however, have suggested that ampakines can enhance some behavioral responses to auditory stimuli (Shors et al., 1995) , so we expected that if there were an effect of BDP-12 on C S processing, it would take the form of a heightened C S sensitivity (i.e., that drugtreated rats would respond to the C S as though it were more intense). We examined this issue by comparing the effects of BDP-12 on C S responses during the course of fear conditioning with the effect of increasing the intensity of the C S.
E xamination of the response to the first C S presented on day 1 of training revealed that drug-treated animals (at all doses) showed no unusual responsiveness to the C S before conditioning, compared with vehicle-treated animals: responses ranged from a mild orienting response (turn of the head) to no discernible response. This is in accord with abundant observations of the response of normal, untreated animals to a C S of this intensity (which is our laboratory standard). On the other hand, pretraining exposure to a C S 6dB more intense than the standard CS (a 6dB increase doubles the intensity of the C S) invariably evoked a robust response at C S onset, ranging from a jerking movement of the head and shoulders and a momentary cessation of ongoing activity to a jump and a short run. Nevertheless, the amount of conditioned freezing was not different in rats trained with the greater intensity CS (n ϭ 7) as compared with rats trained with standard CS in the other studies discussed (n ϭ 7) (Fig. 5) . A two-factor ANOVA was performed, with CS intensity as a between-subjects factor and days as within-subject factor. A significant effect of CS intensity was not observed [F (1,12) ϭ 0.11; p Ͼ 0.5)], nor was there a significant CS intensity ϫ day interaction [F (2,24) 
The absence of drug effect on CS responsiveness before conditioning and the insensitivity of our fear conditioning protocol to behaviorally significant increases in CS intensity strongly suggest that BDP-12 does not have its effect on fear conditioning via an action on routine (nonassociative) transmission of the CS.
Open field activity
It is possible that the drug induces a generalized increase in fearfulness or anxiety, which contributes to a higher freezing score during conditioning. A measure of exploratory behavior that speaks to this question involves a rat's tendency to move predominantly along the walls of an open field chamber and avoid the more exposed center area (thigmotaxis) (Gray, 1987) . Our analysis of open field behavior included quantification of the animal's movements into the center of the chamber versus its movement along the walls. Defecation in open field, a common indicator of fearfulness (Gray, 1987) , was also measured.
Open field behavior also provides a simple control for druginduced impairment of locomotor capacity. It is possible that the drug could induce alterations in locomotor behavior that could lead to an exaggerated freezing score, either by producing behavior that is misinterpreted as fear-related freezing or by interfering with the shift from freezing to nonfreezing behavior. Measure- Figure 3 . The effect of BDP-12 on acquisition is dose dependent. Although there was no effect of drug on the level of conditioned response expressed at the completion of training, with increasing dose levels the conditioned response exhibited by drug-treated animals at the midpoint of training (testing on day 2) came progressively closer to the maximal level of conditioned response expressed at the completion of training (testing on day 3: mean response of the vehicle group represented by horizontal bar). Figure 4 . Accelerated acquisition in BDP-12-treated animals is not attributable to the presence of the BDP-12 during testing. Rats given the drug only on day 1 exhibited the same pattern and magnitude of conditioned responding as rats that received the drug on day 1 and day 2 (redrawn here from Fig. 1) , showing that the measured accelerative effect was independent of the drug's presence during testing. These results show that the drug effect is on acquisition, rather than expression, of fear conditioning. ment of the total number of line crossings and instances of spontaneous rearing behavior were used to examine this question.
No significant difference between drug group (n ϭ 8) and vehicle group (n ϭ 8) was found in any measure of open field activity (Fig.  6 ) (t tests; all p Ͼ 0.05), indicating that our measurement of freezing behavior during fear conditioning was not confounded by drug effects on locomotor capacity or fearfulness per se.
DISCUSSION
When examining the possibility of a drug effect on learning, it is necessary to consider what aspect of neural f unction is contributing to the observed effect. It is of particular interest to distinguish between a drug effect that facilitates the processes that transmit sensory information to the sites of plasticity and a drug effect that facilitates plasticity mechanisms themselves. Furthermore, a drug that has a specific and isolated effect on plasticity mechanisms during acquisition can be expected to dissociate behavioral measures of acquisition from other normally covariant behavioral measures and from strict dependence on stimulus parameters that normally determine these measures.
How might drug-induced changes in neural response properties affect normal sensory processing?
Even though ampakines can be expected to enhance AMPA transmission, and in certain circumstances to increase NMDAmediated transmission, the net effect on signal processing in vivo is not easy to predict, especially because inhibitory as well as excitatory interactions may be affected. Thus, it is important to consider the possible effects of BDP-12 on routine (nonplastic) sensory processing within the context of the circuit (system) under study. Shors et al. (1995) showed that treatment with a related ampakine allows nictitating membrane conditioning to occur with stimulus intensities that do not lead to learning in untreated rats. They also found that ␣ responding (baseline nictitating membrane responsiveness to the CS before training) is increased in ampakine-treated animals. These data suggest a drug effect that amplifies sensory processing (i.e., increases CS sensitivity) in the eyeblink conditioning system, although a drug action on the plasticity mechanisms underlying this kind of learning could be involved as well.
Our results are not consistent with a drug-induced amplification of CS or US sensory processing. Behavioral data from many sources have shown that more intense aversive unconditional stimuli lead to higher levels of conditioned responding (for review, see Klein, 1987) . This has been demonstrated in parametric studies using the same conditioning protocol as the present experiment (Phillips and LeDoux, 1992) . Specifically, increasing US intensity resulted in a particular behavioral pattern characterized by an increase in freezing on day 2 as well as an increased level of conditioned response expression at the completion of training and a decreased rate of extinction (Fig. 7) . If BDP-12 induced a greater sensitivity to the US, one would expect training in the presence of the drug to lead to more freezing to the CS on days 2 and 3, and slower extinction, than is exhibited with training without the drug. These indicators of increased US sensitivity did not occur in the present study. It is important to note that the level of freezing exhibited by drug-treated animals on days 2 and 3 do not represent a "performance ceiling"; for example, rats trained with a 1.0 mA US will freeze for the full 20 sec measurement period after just 1 d of training (Phillips and LeDoux, 1992 ).
An increase in the perceived intensity of the CS would be expected to enhance the rate of conditioning without altering the terminal level of conditioning (Rescorla and Wagner, 1972) ; however, our comparisons of the effect of BDP-12 on CS-elicited behaviors with the effect of increasing CS intensity on the same behaviors provide no evidence for a drug effect on nonplastic CS processing in the fear conditioning system (circuit). The absence of drug effect on CS responsiveness before conditioning, and the insensitivity of our fear conditioning protocol to behaviorally significant increases in CS intensity, suggests that whatever the effects of BDP-12 on routine CS transmission may be, they are unlikely to have contributed to our measures of conditioned fear. It is possible that increasing the CS intensity even more might reveal a significant effect on conditioning; however, the intensity used altered CS responses before conditioning (without affecting conditioning), and higher intensities tested in pilot studies elicited persistent agitation and hyperactivity over the duration of the tones, responses that suggest that the rats found the tones to be aversive, an effect that would tend to confound freezing measures.
Within this context, it is interesting to ask why the presence of the drug on day 2 did not increase performance on day 2 simply by increasing the degree to which the CS activated the amygdala. This is a reasonable expectation, but it is not borne out by the data. As we discuss above, because the drug is administered systemically, and inhibitory as well as excitatory transmission is likely to be affected, the effects of the BDP-12 on CS transmission, or on the degree of activation of the amygdala in response to any stimulus, are hard to predict. Although it has been reported that blocking AMPA transmission in the amygdala blocks expression of conditioned fear (Kim et al., 1993) , it does not follow that an across-the-board increase in AMPA-mediated currents would necessarily increase amygdala activation or conditioned response expression. Indeed, the fact that the presence of the drug during testing on day 2 does not alter conditioned response expression suggests that an across-the-board increase of AMPA-mediated currents does not simply modulate information processing within Figure 5 . Increasing C S intensity does not increase acquisition rate. Doubling CS intensity (an increase of 6 dB) failed to produce any increase in acquisition rate or final level of conditioning in vehicle-treated animals. Doubling CS intensity, however, does increase responding to pretraining exposure, an effect not observed with drug treatment (see Discussion). Also pictured are drug data taken from Figure 1 . the fear conditioning circuit in a way that increases the behavioral output of this system. On the contrary, these data suggest, in accord with our general conclusions, that in this system, increasing the gain of AMPA-mediated currents has a specific effect on acquisition mechanisms, an effect presumably attributable to a synergy of AM PA / NMDA receptors, and that other possible effects are not reflected in the behavioral indices of fear learning.
How might drug-induced changes in neural response properties affect experience-dependent plasticity?
Because the drug lowers the amount of afferent activity necessary for NMDA receptor activation, it can be predicted that processes dependent on NMDA receptor-mediated currents would be activated more efficiently in the presence of the drug. A range of findings have implicated NMDA receptor f unction in experiencedependent plasticity in the fear conditioning circuit, including the putative dependence of fear conditioning on NMDA receptor function, and the presence of LTP-like mechanisms in fear conditioning pathways capable of modulating the responsiveness of the amygdala to tones (see introductory remarks). The results of the present experiment are consistent with a drug effect that increases the efficiency of NMDA receptor-mediated plasticity mechanisms.
The dynamics of the effect of ampakine on NMDA currents is paralleled by the dynamics of ampakine's effect on LTP induction in CA1 of hippocampus and on fear conditioning. In the presence of ampakine, afferent activity that would normally induce an intermediate level of potentiation at CA1 synapses instead induces a maximal level of potentiation (LTP ceiling); additional episodes of afferent activity, which in untreated slices are necessary to reach the LTP ceiling, do not increase the level of potentiation beyond the LTP ceiling (Arai and Lynch, 1992) . Likewise, in the present experiment, the number of training trials needed to achieve an intermediate level of conditioned responding in untreated animals resulted in a maximal level of conditioned responding in ampakine-treated animals; once this conditioned response level is reached, additional CS/US pairings do not increase the level of conditioned responding in these animals. These effects add to the growing body of evidence for the involvement of LTP-like mechanisms in fear conditioning (for review, see Rogan and LeDoux, 1996) .
Dissociation of acquisition rate from strength and content of association
The amount of conditioned responding is a function of the learned predictive value of the CS (strength of the CS/US association) and the aversiveness of the US (Rescorla and Wagner, 1972) (Fig. 7) . The fact that the drug-treated animals freeze the same amount after 1 and 2 d of training can be interpreted as evidence for a conditioned response asymptote for these training parameters. Such a conditioned response limit could reflect the behaviorally sensible proposition that a rat is going to be only so afraid of a tone that predicts a 0.3 mA shock (which is rather mildly aversive), no matter how well it learns the predictive value of the tone. Perhaps the asymptote corresponds to the level of CS-induced freezing that results from a "perfect" learning of both the predictive value of the CS and the "badness" of what it predicts (which within the context of this discussion we refer to as the "content" of the association), and this level of fear (or freezing) is determined by evolutionary processes that balance freezing behaviors with other adaptively valuable behaviors in the face of a relatively mild threat. The alternative is an animal that grows increasingly terrified (and immobile) with the day-by-day accumulation of repetitive experiences of certain predictable irritations. Because all training parameters were identical for drug and vehicle groups, the fact that both groups reached the same level of conditioned response and extinguished at the same rate strongly suggests that the level of conditioned response exhibited at the completion of training reflected identical association strengths, and that the memory of the "badness" of the US was likewise similarly encoded by both groups.
It is perhaps true that our ability to interpret our data in terms of a lack of drug effect on the "content" of the association may be to some extent a product of the poverty of our measure; freezing behavior, by its nature, may lack the subtlety to reflect small differences in information acquired during conditioning. It is important to point out, however, that our measure is neither arbitrary nor artificial but is a natural consequence of natural learning that has evolved under considerable selective pressure.
Conclusion
The pattern of conditioned responding exhibited by BDP-12-treated animals suggests that the drug has a specific and isolated effect on the mechanisms of acquisition and does not alter the strength or content of the acquired association. The specificity of the drug's effect has provided a unique dissection of the processes underlying fear conditioning at both a behavioral and molecular level. It appears that the facilitation of AMPA receptors (and the presumed resulting effects on NMDA receptor function) during fear conditioning has the effect of dissociating the rate of acquisition from its usual dependence on stimulus parameters, suggesting that the mechanisms involved in the acquisition of contingency information can be biochemically isolated from the information being acquired, because in our protocol at least, these mechanisms can be modulated without altering what is learned. In combination with information about this drug's effect on receptor dynamics, and other evidence for NMDA receptor involvement in fear conditioning, the present findings are consistent with the view that in fear conditioning, acquisition is mediated by an LTP-like synergy of AMPA and NMDA receptor activation. . BDP-12 effect on acquisition cannot be attributed to an increase in US sensitivity. Training normal, untreated rats with a greater US intensity increases freezing on both day 2 and day 3 (no inj., 0.3 mA US and no inj. 0.5 mA US; data taken from Phillips and LeDoux, 1992) ; however, BDP-12 treatment increases freezing only on day 2, indicating that the drug effect is not ascribable to an increase in US sensitivity (vehicle and drug data are taken from Fig. 1 ).
